Abstract. Since the 1 930s the common house gecko, Hemidactylus frenatus, a sexual species, has been inadvertently introduced to many tropical Pacific islands. Using markrecapture censuses and visual gecko searches we found that Lepidodactylus lugubris, an asexual gecko previously common on these islands, is nearly 800% more abundant on buildings in the urban/suburban environment on islands that lack H. frenatus than it is on islands where H. frenatus is present. On buildings in Hawaii and Fiji that have been surveyed in different years, the proportion of H. frenatus relative to L. lugubris has significantly increased over time. The degree of numerical dominance is also related to climate and habitat: L. lugubris is relatively more common on the more mesic, cooler, windward sides of large islands compared to the more arid sides of islands and in general H. frenatus does not penetrate forest habitats, where L. lugubris remains one of the most common geckos. Overall, buildings with external electric lights have more geckos than unlit buildings. Where the two species occur on the same buildings H. frenatus is closer, on average, to the prime feeding sites near lights that attract insects. In the absence of H. frenatus, L. lugubris is found closer to the lights. We hypothesize that the previously demonstrated agonistic dominance of H. frenatus over L. lugubris (Bolger and Case 1992) is likely to lead to competitive superiority when insect prey are concentrated into patches that are structurally simple (like flat building walls with lights), allowing easy detection of prey and intruders.
INTRODUCTION
Unlike birds, lizards have not been able to colonize the most remote islands of the world, such as those in the mid-Pacific (e.g., Hawaii and the Marquesas,) on their own. For the most part, reptiles reached these islands when the Polynesians and Melanesians inadvertently began spreading a set of geckos and skinks throughout much of the Pacific -4000 yr ago (Dye and Steadman 1990, Case and Bolger 199 1). Additions to this set of aboriginal introductions have occurred more recently during Western settlement. The reptilian faunas of somewhat less isolated islands (e.g., Guam, Fiji, Vanuatu) today are a mixture of native and introduced species. These introductions, although unconscious, poorly documented, and not as well controlled as a manipulative experiment, can be used to sort out interactive relationships among species because of the huge sample sizes involved (literally hundreds of islands).
A particularly dynamic component of the herpetofauna in the tropical Pacific is the group of geckos found inhabiting structures in the urban/suburban environment. (We will refer to this guild as "house geckos" but this habitat is not the exclusive domain of any of these species and some species are just as readily found in the forest.) In the urban setting house geckos typically perch on walls or even upside down on ceilings and catch insects attracted in high densities to electric lights. Several factors are responsible for the success of these species as hitch-hikers. Some are human commensals in their place of origin, making it likely that they or their eggs will get ferried from island to island in the course of commerce and emigration. Their relatively small body size and their adhesive and waterresistant eggs may also facilitate their mobility by sticking to cargo containers and lumber that is shipped across the Pacific (Gibbons 1985, Dye and Steadman house gecko has spread to all the major islands in Hawaii and is the species most commonly associated with lighted building walls, alone or sometimes in association with the smaller and typically less abundant mourning gecko.
Although unrecorded until recently, the common house gecko has been on the main Fijian island of Viti Levu in the western Nadi area for at least 20 yr (Pernetta and Watling 1979; D. Watling, personal communication); the first collected specimen dates to 1980 (Zug 1992) . It appeared in the port city of Suva on the southeast windward side in 1983 and already has become the most frequent gecko on walls at the University of the South Pacific in Suva, with the concomitant decline of the previous resident geckos on the same walls (Bolger and Case 1993) .
The house gecko guild also changed rapidly in Vanuatu (New Hebrides). In 1971, the Royal Society did not find a single H. frenatus in Vanuatu during their extensive expedition (Medway and 
G. Marshall, personal communication).
In 1986 it was virtually the only urban gecko seen in the city of Port Vila on Efat& and is by far the most common gecko in the town of Santo on Espiritu Santo Petren et al. (1993) . Here, we concentrate on the broader biogeographic patterns in gecko abundance.
METHODS
To quantify patterns of gecko abundance at a biogeographic scale, we conducted timed visual surveys at sites throughout most of the tropical Pacific. The Appendix contains a list of the study sites in Hawaii, Fiji, Cook Islands, The Marianas, Palau, Western Samoa, Societies, Tuamotus, Marquesas, Borneo, Philippines, and Thailand. Fig. 1 shows the locations of these archipelagoes and the probably native (pre-1930) and introduced range of H. frenatus. The visual surveys were conducted from 1988 to 1991 and always took place from September to December. Different regions of the Pacific were studied in different years although there was much overlap between regions within and between years. For example, censuses in Fiji were performed every year. Censuses in the Societies and Tuamotus were performed both in 1989 and 1991. Censuses in Hawaii were performed in 1988 and again in 1991. Typically school and university buildings, post offices, and other government buildings were accessible at night for gecko surveys, and these public buildings have a very similar "colonial" architecture. Since we expect electric lights to affect gecko abundance, we categorized buildings into those that had external electric lights on at night and those that did not. We restricted our surveys to locations below 200 m in elevation since our earlier collections showed that higher elevation sites sometimes differ markedly in gecko species composition from lower elevation sites.
The authors, sometimes with another trained observer, wearing head lanterns would slowly patrol the perimeter of each building. The start and end times of the search were recorded. Only one complete pass around a building was made so that we would not count any gecko more than once; this usually took between 5 and 30 min. In the few cases where a survey was interrupted, the interrupted time was subtracted from the census search time. Geckos can typically be identified to species at a distance of z2.5 m. We report searches that were conducted during the 4 h after sundown, the peak gecko activity period. Surveys were not conducted during extremely windy, rainy, or cool nights.
These methods only count geckos that are active at the time of the census; thus our counts are potentially influenced by many uncontrolled variables that affect gecko activity. To calibrate our gecko counts we compared a subsample of them with mark-recapture studies at eight sites in Viti Levu, Fiji (Nadi and Suva) where both H. frenatus and L. lugubris co-occur, and at Somosomo Village, Taveuni (Fiji) and Avarua, Rarotonga (Cook Islands) where H. frenatus has not invaded. The Suva, Fiji buildings were part of a 5-yr mark-recapture study. Our goal in Fiji was to study the population dynamics of the invasion of H. frenatus and its consequences for other gecko species (Bolger and Case 1993) . We contrast our population estimates there on eight buildings during the 1991 field season (September through December) with our gecko visual surveys on the same buildings. At the other sites in Fiji (Nadi and Somosomo) and Rarotonga, the mark-recapture period extended for only 3 d. We followed the protocol of Heckel and Roughgarden ( 1979) except that instead of spraying geckos on subsequent nights with different colors, we collected geckos with brooms and marked them with a small white paint spot; each night the spot was placed in a different location on the gecko's back. We used a Schnabel index (Krebs 1990) to estimate population sizes except for Somosomo, Taveuni where a Peterson index was used because we had only two samples. We converted our mark-recapture population estimates to density estimates by dividing by the wall surface area of the building. This area was estimated by measuring the length and height of each exterior wall.
At our Suva, Fiji study sites we also used population estimates to contrast temporal trends in the numbers and proportions of the major gecko species between 1988 and 1991. Among the data gathered for each gecko captured was its distance to the nearest light measured to the nearest metre by a grid of chalk marks on four of the study buildings that contained both H. frenatus and L. lugubris. Geckos were released at the point of capture. Buildings were censused on a 3-d rotation to allow geckos to recover from the trauma of being captured, weighed, and marked.
We characterized gecko abundance separately for buildings with and without lights. Lights attract insects, which in turn may attract geckos. In statistical analyses, we used a log transform to normalize the dependent variable (geckos seen per observer per minute), since an examination of the residuals after ANOVA indicated that this transformation was needed.
In the mid-and eastern Pacific, two gecko species, H. frenatus and L. lugubris, comprised the vast majority of all the geckos observed on buildings. In the sites that we studied in southeast Asia, the two most common geckos seen are H. frenatus and Cosvmbotus platyurus (Cp). Hence these two species pairs were singled out for special attention in our selection of geographic regions to survey.
Other geckos (Gehyra oceanica, G. mutilata, HemiphyllodactyV/us typus, Hemidactylus garnotii), two undescribed species of Lepidodactylus (from Takapoto and the Marquesas), and Hemidactvlus stejnegeri (Thailand) occasionally were present in our timed surveys. Because these geckos were less common and more patchy in distribution on buildings, we lumped them into the single category "other" for purposes of our statistical comparisons. These geckos were more typically seen on dark or abandoned buildings surrounded by vegetation or in native habitats. Except for the last two species (which are rare in Oceania), they all have a wide distribution in the Pacific and therefore provide essentially the same background species set. The prime exception is Gehyra oceanica, which does not occur in the Philippines, Hawaii, or mainland Asia but occurs broadly throughout the Pacific islands.
For three large islands where both H. frenatus and L. lugubris are present (with roughly the same set of "other" geckos), we documented climatic and temporal patterns in the relative proportions of the two species by contrasting gecko counts at the same sites in different years and in different sites on leeward and mesic sides of islands. Climatic and vegetation data for Viti Levu, Fiji were gathered from Kennedy (1968) Fig. 3A shows the geographic trends for the total gecko counts (summing counts over "others" + H. frenatus + L. lugubris) in the various geographic areas. The other factor in the ANOVA is lit/unlit; more geckos are found on lit than unlit buildings (P < .030; Fig. 3A) .
On four illuminated study buildings at Suva, Fiji we found that LepidodactyVlus lugubris was on average > 1 m farther away from light than H. frenatus (t test on log-transformed distances, N = 589 observations, P .01) .
The f ect of H. frenatus on other gecko species in the Pacific region
Other gecko species were found too infrequently during our timed searches to conduct statistical comparisons of effects by H. frenatus on each species individually. We lumped these species (except for the Asian Cosymbotus) into the category "others." Contrasting species H. frenatus, L. lugubris, and "others" in a oneway ANOVA in the region of sympatry (region: Hf + LI) we found that a post hoc Tukey-Kramer test yielded significantly lower numbers for "others" than for H. frenatus (P = .001), but not for L. lugubris. In a twofactor ANOVA comparing sympatry/allopatry with H. frenatus and lit/unlit as the second factor, the only significant effect was that the composite group "others" is -10 times more abundant in allopatry than in sympatry with H. frenatus (P < .0001). Apparently the competitive impact of H. frenatus extends to this group of species collectively as well, but they tend to be on unlit buildings regardless of the presence/absence of H. frenatus.
Climatic and temporal patterns in the relative abundance of H. frenatus and L. lugubris While H. frenatus has a strong effect on L. lugubris abundance, we also found climatic correlates in the proportions of these two species that coexist on buildings. At all sites where we have multiple-year data sets from identical sets of buildings, Hemidactylusfrenatus has significantly increased in relative abundance. The data for the University of the South Pacific, Fiji, is part of a longer term experimental study reported elsewhere (Bolger and Case 1993) . That study showed that not only is H. frenatus increasing in proportion but also in absolute numbers, while L. lugubris is decreasing in absolute abundance. Our data for the University of Hawaii at Hilo and from Coconut Island do not allow us to make that stronger inference.
The present (as of 1989-1991) degree of numerical dominance of H. frenatus is strongly influenced by geographic conditions correlated with climate on all three large islands (Hawaii, Oahu, and Viti Levu). Relatively higher proportions of L. lugubris were found on the wetter, windward sides of the islands, although they were still outnumbered by H. frenatus on buildings.
To test the statistical significance of these geographic associations, we performed a t test on the proportions of L. hugubris (after an angular transformation), contrasting the sides of the islands based on rainfall data. Survey locations were divided into those having yearly rainfalls greater or less than 190 cm/yr (Kennedy 1968 , Armstrong 1973 ). The pie diagrams in Fig. 4 represent composites of 2-6 separate buildings within a 4.8 km radius. For statistical purposes, these different buildings were considered as independent in each t test for the three islands. The differences in gecko relative abundances are individually significant for Oahu (P < .008, N = 9) and Viti Levu (P < .002; N = 15) but not for Hawaii (P = . 12, N = 26). Taking all islands together the trend of relatively higher proportions of L. lugubris at wetter, cooler sites is highly significant (P < .001).
The interaction of H. frenatus and Cosymbotus platyurus
Unlike the other geckos considered so far, the "house" gecko Cosymbotus platyurus does not extend into Pacific Islands beyond the Philippines. It ranges farther west through most of Southeast Asia and the East Indies and into India. Typically it occurs syntopically with H. frenatus in lowland areas, and together they comprise nearly all the geckos seen on urban buildings (Church and Chun-Sim 1961). Our timed searches in Thailand, Philippines, and in Sabah, Malaysia (Borneo) found H. frenatus over twice as abundant as C. platvurus on unlit buildings ( Fig. 3B ; P < .009, ANO-VA). Hemidactvlus frenatus was not significantly different in abundance in allopatry compared to sympatry with Cosymbotus (P = .37; N = 96), nor was it more abundant on lit compared to unlit buildings (geographic range x light term is P > .83). However, Cosymbotus is marginally more common on lit compared to unlit buildings (P = .06, Fig. 3B ).
Other geckos were much less abundant in the presence of both Cosymbotus and H. frenatus (two-way ANOVA; overall species effect P = .0001; N = 114 surveys; Fig. SB) . Post hoc tests show that all three pairwise species comparisons yield significant differences (P < .05). Other geckos, unlike H. frenatus and Cosvynbotus, tend to be found on unlit rather than lit buildings so that the interaction term for species x lit/ unlit in sympatry with Cosymbotus and H. frenatus was significant at P = .031 (Fig. SA) 
Biogeographic patterns in species abundance
We have documented a strong biogeographic effect of the invading sexual H. frenatus on the abundance and spatial distribution of the asexual parthenogen Lepidodact Vlus lugubris on buildings in urban/suburban habitats. A number of other gecko species also are collectively lower in abundance in the presence of H. frenatus. These species, however, are often uncommon even in the absence of H. frenatus, so it is difficult to determine the role that H. frenatus may be playing in their distribution and abundance.
Elsewhere we describe experimental results that show the demographic consequences of competitive displacement and explore some of the mechanisms behind the superiority of H. frenatus over L. lugubris in the urban environment (Bolger and Case 1993, Petren et al. 1993 ). These experimental results help to explain the broad geographic patterns described here.
For a house gecko, a trade-off potentially exists between the advantages and disadvantages of foraging under lights. Since lights attract many insects, they may increase foraging success, however, they also illuminate the gecko potentially making it easier for predators to locate them. If H. frenatus tolerates or prefers higher light levels than L. lugubris, then increasing urbanization and electrification would passively create a situation where H. frenatus is favored and L. lugubris dis- show that all three pairwise species comparisons yield significant differences (P < .05). Other geckos, unlike the H. frenatus and Cosvmbotus, tend to be found on unlit rather than lit buildings so that the interaction term for species x lit/unlit is significant at P = .031 (A). Overall, lit buildings have marginally more geckos than unlit buildings (P = .057). The vertical bars represent the 95% confidence intervals. favored even if the species did not compete. However, this alone cannot explain our results for three reasons. First, when H. frenatus and L. lugubris share the same buildings, both species can be found in the light and dark regions, although H. frenatus usually is found closer to lights than L. lugubris. Second, in the absence of H. frenatus, L. lugubris forages significantly closer to lights (Petren et al. 1993 ). Third, the numerical dominance of H. frenatus in sympatry extends even to buildings lacking lights and human occupants (Fig. 3) . Finally, some areas that still lack H. frenatus are quite urbanized, e.g., most of Papeete, Tahiti (as of 1989), Moorea, and Avarua, Rarotonga; in these areas one finds relatively high numbers of L. lugubris compared to comparable situations without H. frenatus. Today LepidodactYlus lugubris is more common on the wetter, cooler, and more forested windward sides of large islands (Fig. 4) . In part, this trend may simply be historical, since for two of the major islands considered in Fig. 4 Critical thermal minima and maxima of the two species also differ in the same manner. We suspect therefore that intraisland distributions are shaped by climatic differences as they affect competitive ability, but that these geographic distributions are not yet at equilibrium because of the very recent entry of H. frenatus on these islands. It will be interesting to follow spatial and numerical changes in these geckos over the next few decades, especially in cool, wet areas to see if H. frenatus increases in abundance and proportion or stabilizes.
The mechanism of competitive advantage
While we are confident that the spread of H. frenatus causes and will continue to cause population declines in L. lugubris and probably other geckos inhabiting the urban/suburban environment, we are still very much in doubt about the mechanism responsible for this effect. How does H. frenatus manifest its competitive superiority? Interference competition is usually the easiest form of competition to document since it is both visible and direct. This might explain why it has often been implicated in the better documented cases of exclusion (Grant 1972 , Case and Gilpin 1974 , Birch 1979 ).
There are two types of documented interference behavior that H. frenatus exerts on L. lugubris and other geckos: predation on juveniles and interspecific territoriality. In Hawaii, Hunsaker (1966) observed extreme aggressiveness between H. frenatus and H. garnotii. Frogner (1967) studied interactions between H. frenatus and the smaller L. lugubris in the laboratory and the field in Hawaii. He found that the house gecko could behaviorally displace the mourning gecko from favored shelter sites and would eat juvenile Lepidodactylus; the reverse is not true, however, since hatchling house geckos are larger than the largest prey taken by Lepidodactylus in the field. Bolger and Case (1992) duplicated these results. However, out of 62 H. frenatus stomachs they examined, none contained juvenile geckos, suggesting that interspecific predation is not frequent outside the laboratory.
Bolger and Case (1992) videotaped individual encounters between different species and sexes of these geckos in laboratory enclosures. Hemidactylusfrenatus displayed more aggression both intra-and interspecifically than its asexual congener H. garnotii or L. lugubris. This behavioral dominance has three roots. First, body size and dominance are generally correlated in reptiles and bigger lizards can dominate smaller ones (Stamps 1983 ). Since the body mass of adult L. lugubris is about one-third that of adult H. frenatus it is not surprising that they are submissive in the enclosures. Secondly, males are generally more aggressive than females and only the sexual species, of course, possesses males. Finally, even in encounters among size-matched H. frenatus females and asexual H. garnotii females, the sexual females were slightly (but significantly) more aggressive than asexual females (Bolger and Case 1992).
We hypothesize that the agonistic dominance of H. frenatus over L. lugubris is most likely to lead to competitive superiority when insect prey are concentrated into patches that can be readily defended by the larger and more aggressive H. Geckos foraging near one another may interfere with each other's foraging success. The fact that lit buildings overall support higher numbers of geckos than dark buildings (Fig. 3A) suggests that insects are a limiting resource. Since in very similar environments, H. frenatus maintains higher densities than L. lugubris achieves even in the absence of H. frenatus, the invader may also be a more efficient forager on buildings, and/or may suffer less predation/parasitism than resident L. lugubris as well as being aggressively dominant.
Resources may not be nearly as aggregated in natural environments as in the urban environment. Foraging sites for geckos in forests are doubtless more structurally complex; geckos cannot easily see one another from long distances as they can on flat building walls. The combination of insect-rich patches and structural simplicity may allow the behavioral exclusion of L. lugubris by the larger and more aggressive H. frenatus in the urban environment, but not in more natural habitats. This relationship may be general and one with conservation implications. In the Galapagos, the larger gecko Phyllodactylus reissi has recently invaded and seems to be displacing the resident endemic species P. galapagensis from the urban area of Puerto Ayora (Santa Cruz), but both geckos coexist in nearby natural areas (Hoogmoed 1989 ).
Coexistence at the whole-island scale There are two features of our study that suggest that other mechanisms besides aggressive defence of concentrated food patches may also be playing a role in explaining more regional (island-wide) patterns in abundance of these two geckos. First, it is not uncommon to find dark and abandoned buildings dominated by H. frenatus in urban and suburban settings on Pacific islands. These local populations might be maintained by the influx of H. frenatus from lighted buildings nearby in a source/sink regional dynamic (Roughgarden 1986 , Pulliam 1988 . Similarly, the ability of L. lugubris to persist to some degree on buildings in the presence of H. frenatus particularly on the mesic forested sides of islands may also depend on influx from nearby wooded habitats. Lepidodactylus lugubris is one of the most common geckos, while H. frenatus is typically absent altogether in samples that we have Secondly, since population densities of H. frenatus when alone on buildings are usually higher than those reached by L. lugubris where it occurs alone, H. frenatus may also be a more efficient insect predator in the urban landscape as well as being aggressively dominant. As Fig. 3A illustrates, (Werner 1968 ). There may be some theoretical basis for thinking that the sexual H. frenatus might be more disease resistant compared to the parthenogenetic species H. garnotii and L. lugubris (i.e., the "Red Queen" hypothesis of Van Valen [1973] ). We are assessing the prevalence and incidence of blood, gut (worms plus coccidea), and ectoparasitic mites in geckos from all of these locations. Our parasite studies are still in progress and it is too early to rule parasites out as a factor in gecko interactions.
Implications for the adaptive significance of sexuality?
While we are still unclear about the mechanistic basis behind the displacement of L. lugubris and Hemidactylus garnotii by H. frenatus in the urban/suburban landscape, we are certain that the biological differences between the two species are not limited to mode of reproduction alone, and that these other behavioral, physiological, and morphological differences, particularly aggression of males, play an important role. Interactions between these very different species in two distinct genera may have limited generality to the broad issue of the adaptive significance of sexuality. Comparisons of syntopic sexual and asexual and congeneric sister species will probably be more useful in isolating the adaptive significance of sex.
Nevertheless, it is intriguing that these other biological differences can so easily circumvent the notorious twofold disadvantage of producing males. In the interactions among these house geckos, the aggressiveness of males may be one of the chief factors behind the ability of the sexual species to oust the asexual species (Bolger and Case 1992). Male-male conflict for access to females is thought to select for aggression, larger size, particularly in body parts used in combat. Consequently, males have been selected to be larger in size, particularly in body parts used in fighting, and they are generally more aggressive than females. This male aggression, expressed in fixed morphological and physiological characters, may preadapt males for greater success in interspecific combats, including those with closely related asexual species, comprised solely of less aggressive females. This potential advantage of sexuality, i.e., the possibility of having a semiexpendable "soldier caste" in the form of males, has been completely neglected in arguments about the advantages of sexuality. 
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